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(57) Abstract: At least one engine operating parameter 
other than total fuel energy content is taken into account 
when transitioning between operating modes in a dual 
fuel or other multimode engine (20) in order to maintain 
a smooth transition between modes. The parameter 
preferably comprises at least one of primary fuel excess 
air ratio (lambda) and ignition timing and preferably 
is controlled in addition to total fuel energy content 
control. Lambda control is especially beneficial because 
it permits the control system to compensate for the 
engine's inability to substantially alter the instantaneous 
air mass in the combustion chamber during the transition 
period- For instance, during a transition from pilot 
ignited gaseous fuel mode to diesel mode, the controlled 
parameter preferably comprises diesel lambda, and the 
controlling step comprises setting diesel lambda at a 
relatively high value at the beginning of the transition 
period and thereafter reducing diesel lambda during the 
transition period. 
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METHOD AND APPARATUS FOR CONTROLLING TRANSITION BETWEEN 
OPERATING MODES IN A MULTBVLODE ENGINE 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

This invention relates generally to multimode engines capable of operating in 
multiple fueling modes, and, more particularly, relates to a method and apparatus for 
transitioning between fueling modes in such an engine so as to reduce engine speed 
fluctuations and/or other undesired responses to such transitions. 

2. Discussion of the Related Art 

So-called "multimode" engines are capable of operating in multiple fueling modes 
in that they are powered by different fuels or combinations of fuels depending, e.g., on 
the prevailing engine speed and load conditions. For example, a dual fuel engine can 
typically operate in two modes, namely, a "diesel mode*' and a "pilot ignited gaseous fiiel 
mode." In the diesel mode, the engine is fueled solely by a liquid fuel, typically diesel 
fiiel. In the pilot ignited gaseous fiiel mode, the engine is fueled primarily by a gaseous 
fuel, such as natural gas or propane, which is ignited by a relatively small quantity or 
"pilot" charge of a liquid fuel, typically diesel fuel or engine lube oil. 

Depending upon the particular engine utilized, there are typically at least two 
transition points within the operating range of a dual fiiel engine. Specifically, the typical 
engine is operated in pilot ignited gaseous fuel mode except at the condition that the 
excess air ratio (lambda) does not permit, such as, (1) very light load under all engine 
speeds and, (2) at high load, low speed conditions. The transition historically was 
triggered and controlled based solely as a function of speed and/or load without 
attempting to achieve a smooth transition. This relatively uncontrolled transition could 
lead to undesired speed fluctuations. For example, in a prior art dual fuel system, as tihe 
vehicle is driving up a hill while operating in pilot ignited gaseous fiiel mode, the 
vehicle's ragme speed may lug down sufficiently to trigger a changeover to diesel mode. 
An xincontrolled rapid switchover to diesel may cause a power surge and a resultant 
increase in vehicle speed back above the pilot ignited gaseous fuel transition speed for the 
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prevailing load, whereupon the engine switches back to pilot ignited gaseous fuel mode 
and experiences a power drop. As a result, the vehicle speed may again drop below the 
transition speed with a resultant switchover to diesel mode. Hence, the engine may 
switch frequently and repeatedly between operating modes, resulting in noticeable speed 
surges and droops. 

Some prior systems have recognized the problem identified above and have 
attempted to address it by taking the total energy content of the fuel(s) into account 
during the transition in an attempt avoid power surges and droops. For instance, U.S. 
Patent No. 6,101,986 to Brown (the Brown patent) controls the delivery of diesel and 
gaseous fuel to the engine during transition between the pilot ignited gaseous fuel mode 
and the diesel mode to maintain the energy content of combined fuel charge at the desired 
value of the diesel fuel charge supplied at the end of the transition period. As a result, the 
quantity of diesel fuel progressively increases during the transition period, while the 
quantity of gaseous fuel progressively decreases. The process is repeated in a cycle-by- 
cycle basis until the actual diesel fiiel quantity equals the desired quantity for diesel only 
operation, at which point the transition is considered complete. 

U.S. Published Patent Application Serial No. 2002/07816 to Zur Loye similarly 
discloses a method for controlling a homogenous charge dual fuel engine to switch 
between diesel only mode and pilot ignited gaseous fuel mode while keeping the total 
fuel energy content constant. 

A problem associated with prior techniques for controlling the transition between 
operating modes in a multimode engine is that simply maintaining the total fuel energy 
content constant during the transition period fails to take differences in combustion 
efficiency into account while air charge parameters remain unchanged. That is, (1) diesel 
fuel has a lower heating value and a lower stoichiometric air fuel ratio than gaseous fuel 
per unit fiiel mass and, (2) combustion efficiency of pilot ignited gaseous fiiel depends on 
excess air ratio of gas (gas lambda) and ignition timing. Simply increasing or decreasing 
gaseous fuel quantity may not achieve the desired effect because gas lambda may be 
outside of an optimal range for the selected gaseous fuel quantity. Existing airflow 
control devices are incapable of adjusting airflow to the cylinders rapidly enough to 
immediately obtain the optimum lambda for the selected quantity of the new fuel. As a 
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result, the engine may still exhibit power surges and droops, even if total fuel energy 
content remains constant. 

Another result of the typical dual fiiel engine's inability to provide smooth 
transition between operating modes is that it must set a transition line between diesel 
mode and pilot ignited gaseous fuel mode at a higher speed than would otherwise be 
required at a given load, reducing the percentage of total operating range in which the 
engine is capable of operating in pilot ignited gaseous fuel mode. 

The need therefore has arisen to provide a multimode ^agine that more assuredly 
provides a smooth transition between operating modes and reduces the frequency of 
switching between those modes when compared to prior multimode engines. Another 
need that has arisen, due at least in part to the inability of prior engines to adequately 
meet the objective for providing a smooth transition between operating modes in a 
multimode engine, is to adequately maximize the percentage of the engine operating 
range in which the engine operates in pilot ignited gaseous fuel mode. 

SUMMARY OF THE INVENTION 
In accordance with a preferred aspect of tiie invention, at least one engine 
operating parameter other than total fuel energy content is talcen into account in order to 
maintain a smooth transition between modes of a multimode engine. The parameter 
preferably comprises at least one of primary fiiel excess air ratio (lambda) and ignition 
timing, and preferably is controlled in addition to total fuel energy content controL 
Lambda control is especially beneficial because it permits the control system to 
compensate for the engine's inability to substantially alter the instantaneous air mass in 
the combustion chamber during the transition period. For instance, during a transition 
from diesel pilot ignited gaseous fuel mode to diesel mode, the controlled parameter 
preferably comprises diesel lambda, and the controlling operation comprises setting a 
target or desired diesel lambda at a relatively high value at the beginning of the transition 
period and thereafter reducing diesel lambda during the transition period. In this case, the 
controlling operation may comprise determining a gas lambda of the gaseous fuel, 
determining a diesel lambda limit, and adjusting diesel fuel delivery to be at or above the 
diesel lambda limit. The diesel lambda limit preferably is initially determined based on 
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the prevailing gas lambda and then adjusted downwardly on a cycle-by-cycle basis to a 
final value that is at or near the diesel smoke limit. The magnitude of adjustment in each 
cycle is preferably speed and/or time dependent. 

During a transition firom the diesel mode to pilot ignited gaseous fuel mode, the 
controlling opemtion preferably comprises determining a gas lambda of the gaseous fuel, 
determining a gas lambda rich limit for prevailing engine operating conditions, 
comparing the determined gas lambda to the gas lambda rich limit, and making the 
transition firom the diesel mode to pilot ignited gaseous fuel mode only if the determined 
gas lambda is at or above the determined gas lambda rich limit. 

Other aspects and advantages of the invention will become apparent to those 
skilled in the art firom the following detailed description and the accompanying drawings. 
It should be understood, however, that the detailed description and specific examples, 
while indicating preferred embodiments of tihe present invention, are given by way of 
illustration and not of limitation. Many changes and modifications could be made within 
the scope of the present invention without departing from the spirit thereof, and the 
invention includes all such modifiications. 

BRIEF DESCRIPTION OF THE DRAWINGS 
A preferred exemplary embodiment of the invention is illustrated in the 
accompanying drawings in which like reference numerals represent like parts throughout, 
and in which; 

FIG. 1 schematically represents a dual fuel engine constructed and controlled in 
accordance with a preferred embodiment of the present invention; 

FIG. 2 is a map showing the transition between diesel only and gas modes in the 
engmeof FIG, 1; and 

FIGS. 3 and 4 are flowcharts illustrating a preferred computer implemented technique 
for transitioning between operating modes in the engine of FIG. 1 . 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
The mode switching concepts and transition controls described herein are 
applicable to a variety of multimode engines in which it is desirable to maintain engine 
torque and/or speed substantially constant when transitioning between operating modes. 
Hence, while a preferred embodiment of the invention will now be described in 
conjunction with a turbocharged, low pressure EGR, dual fuel engine, it is usable with 
tri-mode and otibier multimode engines as weU. 

Referring to FIG. 1, a dual fuel engine 20 to which the invention is applicable 
includes a number of cylinders 22 (only one of which is shown), an intake system 24 
supplying an air/EGR combustion mixture to flie cylinders 22, an exhaiist system 26, a 
fueling system 28, an EGR system 30, and other components (not shown) commonly 
fo\md on a compression ignition engine such as intake and exhaust valves. The intake 
system 24 comprises an air intake manifold 32 having a split outlet connected to the 
various cylinders 22 and an inlet connected to an air filter 34 by an intake passage 36. 
The exhaust system 26 comprises an exhaust manifold 38 having a split inlet coupled to 
the various cylinders and an outlet coupled to an exhaust passage 40 having an oxidation 
catalyst 42 thereon for catalytically reducing the exhaust gas before exhausting them to 
the atmosphere. The illustrated engine 20 is a turbocharged engine having a compressor 
44 located in air intake passage 36 upstream of the intake manifold 32 and a turbine 46 
located in the exhaust passage 40 downstream of the exhaust manifold 38. A controllable 
tuibo air bypass (TAB) valve 50 is also provided in the air intake system 24 for further 
treating and/or controlling the flow of compressed air to the airflow intake manifold 32. 
The TAB valve 50 is located in a. TAB line 5 1 bypassing the compressor 44. 

The EGR system 30 of this embodiment is configured to recirculate a portion of 
the exhaust gases through an EGR line 58 having an inlet in fluid communication with an 
outlet of the turbine 46 and an outlet in fluid commimication with the intake passage 36 
upstream of the compressor 44. The EGR system 30 includes, from upstream to 
downstream end, a diesel particulate trap 52, an EGR cooler 54, an EGR valve 56, and an 
EGR filter 57, all located in the EGR line 58. The outiet of the EGR line 58 discharges 
into the EGR inlet of a venturi 60 that is disposed in the intake passage 36 upstream of 
the compressor inlet. The venturi 60 also has a fresh air inlet that receives ambient air 
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from the air filter 34 and a mixture outlet that discharges the air/EGR mixture to the 
compressor inlet. 

The fueling system 28 includes an electronically controllable gaseous fuel source 
62 and a separately electronically controllable diesel &el source 64. The gaseous fuel 
source 62 may be configured to supply gaseous fuel to each cylinder 22 of the engine 20 
either in the form of a premixed charge or via high pressure direct injection (HPDI). If it 
is configured to supply a premixed charge, the gaseous fuel source 62 may comprise a 
tank that stores compressed natural gas (CNG) or liquefied natural gas (LNG), one or 
more shut off valves, and either a single metering valve discharging into a single throtfle 
body at the entrance of the engine's air intake manifold 32 or a separate injector provided 
for each cylinder's supply passage or each cylinder's intake port. If it is configured for 
HPDI, the gaseous fuel supply source 62 will be configured to inject natural gas directly 
into each cylinder 22 using one or more dedicated high pressure injectors. 

The diesel fuel source 64 may supply any liquid fiiel capable of auto ignition in 
the traditional "diesel" cycle. It may comprise either a "single point" system that injects 
fuel from a single injector into the engine's air intake manifold 32 or a "multi point" 
syst^ that injects fuel directly into each cylinder 22 or into each cylinder's air intake 
passage. In either case, the diesel injector(s) each comprise an electronically controlled 
injector STq>plied with diesel fiiel or the like from a conventional tank and a supply line. 
Fuel is typically directed to the injector(s) from the tank via a filter, a pump, a high 
pressure relief valve, and a pressure regulator, none of which are shown. 

A controller 66 is also provided for controlling operation of the fuel sources 62 
and 64, the TAB valve 50, the EGR valve 56, and possibly other components of the 
engine. The controller 66 receives signals indicative of O2 concentration in the intake 
mixture, intake mixture temperature or air charge temperature (ACT), intake mixture 
pressure or manifold absolute pressure (MAP), speed, load, and possibly additional data. 
MAP is monitored by a sensor located in or near the intake manifold. The MAP sensor 
may be part of a block or module 68 that also measures ACT at the same location, O2 
concentration indicative data may be supplied by an O2 concentration sensor 70 located in 
the intake passage 36 at the compressor inlet. Crank angle, speed, load, and any other 
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data desired for combustion control is supplied via known sensors, collectively denoted 
72 in FIG. 1. 

The controller 66 can control the TAB valve 50, the EGR valve 56, and/or the 
fuel sources 62 and 64 based on the monitored and calculated parameters so as to 
optimize performance characteristics such as NO^ reduction, HC reduction, and 
condensation prevention- The control preferably is implemented on a c>4inder-by- 
cylinder, cycle-by-cycle basis. 

Controller 66 also ascertains actual lambda, preferably on a cylinder-by-cylinder 
and cycle-by-cycle basis. Lambda maybe ascertained mathematically from a calibrated 
fuel flow together with a determination of air flow using a speed density calculation using 
input from one or more of the sensors 68, 70, and 72 and/or may be measured somewhat 
more directly using a lambda sensor (not shown) in the exhaust stream. 

The dual fuel engine 20 of this embodiment is also configured to switch between 
operating modes automatically with changes in speed and load conditions. 

The engine 20 is preferably configured so as to operate in the pilot ignited 
gaseous fiiel mode during as much of its speed/load range as practical. It is therefore 
desirable to have two speed-dependent transition points for a given vehicle load (at least 
at low speeds), with the engine being operated in pilot ignited gaseous fuel mode except 
under 1) low speed and high load conditions, and 2) light load and all speed conditions. 
Diesel operation is desired under low speed/high load conditions, as may be present when 
flie engine speed lugs down when a loaded vehicle climbs a hill, because the engine's 
turbocharger may no longer be capable supplying sufficient turbo boost air at the reduced 
speed to produce an optimal pilot ignited premixed natural gas combustion at the 
desired relatively rich lambda of, e.g., 1 .5. Diesel operation is also desired at low loads 
under all speed conditions in order to prevent lambda from exceeding the lean limit for 
premixed natural gas. The speed and load conditions under which transition between 
operating modes takes place may vary depending upon engine design. They will 
preferably be selected from a map stored in the controller 66. For instance, referring to 
FIG. 2, curves 80 and 82 illustrate the upper and lower transition lines over the entire 
speed/load range of a six cylinder engine to which the invention is applicable. Such an 
engine operates in pilot ignited gaseous fuel mode over most of its range, between curves 
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80 and 82 as indicated in FIG. 2. While operating in pilot ignited gaseous fuel mode^ 
there will be some speed and load conditions under which the optimal gas lambda may 
not be achievable in an unthrottled engine. A skip fire strategy therefore is preferably 
employed to optimize lambda for the prevailing engine operations when the engine is 
operating in pilot ignited gaseous fuel mode. A suitable strategy for optimizing lambda 
through skip fire is disclosed in U.S. Patent No. 5,553,575, the subject matter of which is 
hereby incorporated by reference. The speed/load range through which skip fire is 
employed in the illustrated embodiment is bordered by curves 84 and 82 in FIG. 2. 

Conventional dual fuel engines do not adequately take the primary fuel lambda^ 
i-e<, gas lambda in pilot ignited gaseous fiiel mode and diesel lambda in diesel mode, into 
account during transition. They therefore do not always adiieve a smooth transition 
between operating modes. For instance, conventional dual fuel engines always operate 
the engine at a relatively high gas lambda (on the order of 1 .8) in pilot ignited gaseous 
fuel mode and do not monitor the diesel lambda in diesel mode. Diesel lambda may be 
reduced immediately to approximately the diesel smoke limit (typically on the order of 
lambda 1.3) upon transitioning to diesel only mode. However, as described in more 
detail in the Background section above, the heightened power and decrease in 
commanded fuel at the relatively low diesel lambda could result in a premature or 
undesired switching back to pilot ignited gaseous fuel mode. In order to overcome or 
avoid these problems, diesel lambda preferably is taken into account during this transition 
period by controlling fiiel delivery to set tiie diesel lambda at a relatively high value at the 
beginning of the transition period and thereafter reduce diesel lambda incrementally 
during the transition period until it reaches a level that is at or slightly above the diesel 
smoke limit. The initial diesel lambda value at the beginning of the transition period and 
rate of diesel lambda decrease preferably are set and maintained by maintaining the 
actual diesel lambda to be at or above a diesel lambda limit, XdieseUimio The Adtesei-iimUy in 
turn, is in it at dependent at least in part upon the existing gas lambda, Zgas and is 
thereafter reduced during the remaining of the transition period, A preferred technique 
for determining Xdiesei-imnt at the beginning of the transition period and for controlling 
engine operation based on ^icsei-Umu will be now be described. 
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Initially, during transition from pilot ignited gaseous fuel mode, the mass of 
diesel pilot fuel required to maintain a constant total fuel energy content can be 
determined on an equivalent total energy basis as follows: 



x{LHF,,^,,)+{l-xlLHV^) 



where 

HVR is the mass ratio of diesel fuel to dual fuel on equivalent total fuel energy 

basis, 

LHVdiesei = the lower heating value for diesel fiiel, 
LHVgas = the lower heating value for gaseous fuel, and 
X = the pilot diesel mass fraction. 

Under these conditions: 

fi^^e.^e,« --HVR^Q^^ (2) 
where: 

QoF is the total mass of diesel and gaseous fuel, and 
Qdiesei-equ^s the mass of diesel fuel equivalent. 

When standard diesel fuel is used in diesel mode and natural gas is used as the 
gaseous ftiel in pilot ignited gaseous fuel mode: 

LHVdiesei^ 18272 Btu/lb, 
LHVgas ^20AA0 Btu/lb, 
Pilot % = 0.10, 

LHVbf^OA X 18272 +0.9 x 20440 = 20223 Btu/lb, and 
i/ra = 0.9035, then: 

Qdiesel^gas = 0.9035 X Qqf (3) 
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^leset-iimit can now be determined as a function of the Xgas using the following 
equations: 



Hence: 



where: 

Massair is the mass of the air charge, 

SAFRdiesei is the stoichiometric air-fixel ratio of diesel fuel, and 
SAFRgas is the stoichiometric air-fiiel ratio of gaseous fuel. 

At the instant of transition from dual fiiel to diesel operating modes, the air mass 
remains constant. ^ieseNimit<^^ therefore be determined as below, based on equivalent air 
mass and total fuel energy. 



A _ ^{Qo^){SAFR„^„) + A^{l-x){SAFR^){Q^) 

(jOn^^XSAFR,,^) Q^{HVR){SAFR^^,) 



Using the paramet^ described above. Equation (6) reduces to: 



x{SAFR^,) + X^^[SAFR^„) 
''""■^ HVR{SAFR^^) 



When SAFRdiesei =Stoichiometric air fuel ratio of diesel = 14.5, 

SAFRgas Stoichiometric air fuel ratio of natural gas = 16.0, 
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HVR = 0.9035, and 
x = 0.1. 



0.1x14.5 + 16X A 
0.9035X14.5 '""-^'"^^-^ 



A preferred technique for controlling engine operation based on the Xnesei-iimit 
prevailing at the beginning of the transition period is illustrated in FIG. 3. The technique 
is implemented via a routine programmed into the controller 66. The routine 1 00 
proceeds firom Start in Block 102 to Block 104, where it determines 7^ either directly 
from a sensor or indirectly from other measured values as described above. It sets the 
'Diesel-limit for the prevailing Xgas, preferably using Equation (8) above. It then proceeds to 
Block 106 and sets Qdiesei-egu for the prevailing total fixel quantity {Qdf) using Equation (2) 
above. Then, in Block 108, the routine 100 calculates the actual T^ieseh either directly or 
indirectly from the known Qdiesei and Qair* The routine 100 then proceeds to Block 110 
and determines whether 'kdiesei is less than hueseUUmit' If not, the routine 100 proceeds to 
Block 112, where the controller 66 controls the diesel fiiel source 64 to deliver the 
commanded ftiel quantity Qdiesei-eguj at which point transition is considered to be 
complete, and the routine 100 ends in Block 114. 

If, on the oflier hand, the answer to the inquiry of Block 1 1 0 is YES, indicating 
that the transition period is not yet complete, QdieseNimu is calculated in Block 116 using 
the prevailing 'kdieseUimit, and the diesel fiiel source 64 is controlled in Block 1 18 to deliver 
the detemiined diesel quantity QdieseMimit- 

Then, in Block 120, the routine 100 adjusts Xdiesei-Umit downwardly from the initial, 
relatively high value (typically about 2.0), toward the diesel smoke limit (typically about 
1 .3) pursuant to a predetermined schedule. The predetermined schedule may be engine 
speed dependent and/or time dependent. It is preferably engine speed dependent to allow 
for more diesel ftiel delivery when the engine speed is being pulled down by a heavy 
load, with a resulting decrease in turbo speed and associated decrease in the available air 
quantity. 
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The routine 100 then returns to Block 108 to update the current diesel lambda and 
continues to Block 1 10 to determine that 'kdiesei-aetuai exceeds XueseNinah in which case the 
routine for 100 proceeds throu^ Blocks 112 and 1 14 to complete the transition. 

As indicated above, it is also desirable to keep the transition line (curve 80 shown 
in FIG. 2) between diesel mode and the pilot ignited gaseous fuel mode at the highest 
practical load level for a given speed and to permit the engine to switch to pilot ignited 
natural gaseous fiiel mode as soon as feasible as speed increases mder heavy load. This 
goal can be achieved by introducing a gas lambda rich limit and by controlling engine 
operation to stay in diesel mode only when Xgas-actuai exceeds a lambda gas Xgas-rtch^imu^ 
Specifically: 

When transitioning from diesel to dual fuel mode, 

'^gas-equ can be derived from Equation (7) and calculated by: 



^^-e,« KHVma^eset " ^) (9) 



When the curr^t T^iesd is 2.0 in diesel mode, Xgas-equ will be 1 ,556 in pilot ignited gaseous 
fuel mode at transition. 



Hence: 



^--=1^ (10) 



The preferred technique for this control is illustrated in FIG. 4, which illustrates a 
routine 130 that once again is implemented via a program in the controller 66. The 
routine 130 proceeds from Start in Block 132 to Block 134 where the prevailing Xnesei is 
determined and the Xgas-eqiM then determined, preferable using Equation (9) above. 
Then, in Block 136, QoF-egu is set based on the current Q^dieseh preferably using Equation 
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(10) above. T^as^ai is then calculated in Block 138, preferably using Equation (4) 
above. Then, in Block 140, the routine 130 determines whether 'kgas-aouai is less than a 
'kgas^ch^imih whidi is the lowest gas Iwibda that is acceptable for achieving the desired 
operating characteristic. For instance, is usually maintained at a value of 
approximately 1.8. However, at low engine speeds, the turbocharger may not be capable 
of providing a Xgas of 1 .8. If Aga, drops below an engine dependent minimum value, Xgas- 
rich-iimih the engine may knock. X^ap-wcft-z/wi^will typically be about 1.5 and is determined 
empirically based on the prevailing manifold absolute pressure, (MAP), air charge 
temperature (ACT), and otiier parameters, if desired. Switching over to diesel mode 
when kgas-actuai drops below Xgas^ridt-iindt wiU prevent engine from knocking. 

If the answer to the inquiry of Block 140 is NO, the routine 130 delivers natural 
gas and pilot fuel in the amoimt required to obtain the desired total energy fuel content in 
Block 142, at which point the transition period is considered complete and the routine 
130 ends in Block 144, However, if the answer to the inquiry of Block 140 is YES, 
indicating, e.g., that engine knock is imminent, the engine 20 stays in diesel mode, and 
the controller 66 controls the diesel fuel source 64 in Block 146 to deliver the diesel fuel 
quantity Qdtesei required to obtain the desired total fuel energy content. The routine 130 
then returns to Block 132, and Blocks 134, 136, 138, 140, and 146 are repeated on a 
cycle-by-cycle basis for the duration of the transition period. 

Other engine characteristics could also be controlled during the transition period. 
For instance, diesel pilot injection timing may be controlled in addition to lambda 
control. Most engine control system employs two separate diesel injection timing maps, 
one for diesel mode and the other for pilot ignited gaseous fuel mode. During the 
transition period, the diesel injection timing often will shift as a new map is selected. 
These shifts may be dramatic, leading to a noticeable and rapid change in engine 
performance. The transition can be smoothed by adjusting diesel injection timing 
incrementally over a number of operating cycles rather than all at once. The size of each 
increment "I" may vary with designer preference and a particular engine's sensitivity to 
changes in ignition timing under the prevailing operating conditions. Pilot diesel 
injection timing may also be adjusted during the transition from diesel mode to pilot 
ignited gaseous ftiel mode for maintaining constant engine torque. The adjustment of 
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pilot diesel injection timing from the nominal injection timing map is preferably 
deteraiined empirically based on the actual gas lambda. 

To the extent that they might not be apparent from the above, the scope of 
variations falling within the scope of the present invention will become apparent from the 
appended claims. 



14 



wo 2004/113705 



PCT/US2004/0 18539 



CLAIMS 

We claim: 

1 . A mefliod comprising: 

(A) operating an internal combustion engine in a first mode comprising one of 
a diesel mode and a pilot ignited gaseous fuel mode; then 

(B) operating said intemal combustion engine in a second mode comprising 
the other of said diesel mode and said pilot ignited gaseous fuel mode; and 

(C) during a transition period between said first and second modes, controlling 
engine operation based on at least one engine operating parameter other than total energy 
fuel content to achieve an at least substantially smooth transition between operating 
modes. 

2* The method as recited in claim 1, wherein the at least substantially smooth 
transition is achieved by maintaining total engine torque at least substantially constant 
during the transition period. 

3. The method as recited as claim 1, wherein the controlled engine operating 
parameter includes at least one of lambda and diesel fuel injection timtng. 

4. The method as recited in claim 3, wherein the transition is firom pilot ignited 
gaseous fuel mode to diesel mode, the controlled engine operating parameter comprises 
diesel lambda, and the controlling step comprises controlling diesel lambda to be at a 
relatively high value at the beginning of the transition period and thereafter progressively 
reducing diesel lambda during the transition period. 

5. The method as recited in claim 4, wherein the controlling step comprises 
determining the actual gas lambda of the gaseous fuel at the beginning of the 

transition period, 

determining a diesel lambda limit at the beginning of the transition period, and 
adjusting diesel fuel delivery so as to maintain the actual diesel lambda at or 
above the diesel lambda limit. 
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6. The method as recited in claim 5, wherein the diesel lambda limit at the beginning 
of the transition period is determined by multiplying the determined actual gas lambda at 
the beginning of tibe transition period by a multiplying factor, 

7. The method as recited in claim 5 or 6, further comprising, during the transition 
period, reducing the diesel lambda limit from the determined value at the beginning of 
the transition period to a final value that is at or near the diesel smoke limit. 

8. The method as recited in claim 7, wherein the reducing step comprises 
incrementally reducing the diesel lambda limit using a predetermined schedule that is 
dependent on at least one of engine speed and time. 

9. The method as recited in one or more of claims 6-8, wherein the step of 
determining the diesel lambda limit at the beginning of titie transition period comprises 
solving the following equation: 

where: 

X = the prevailing pilot diesel mass fraction, 

SAFR^iese/ = the stoichiometric air-fiiel ratio for the diesel fixel, 

Xgas = the determined actual gas lambda at the beginning of the transition 

period, 

SAFR^ay = the stoichiometric air-fiiel ratio for the gaseous fuel, and 
HVR = the prevailing mass ratio of the diesel fuel to the total fuel charge 
on an equivalent total fuel energy basis, 

10. The method as recited in claim 4, wherein the transition is from diesel mode to 
pilot ignited gaseous fuel mode, and wherein the controlling step comprises 
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determining the actual gas lambda of the gaseous fuel at the beginning of the 
transition period, 

determining a gas lambda-rich limit for prevailing engine operating conditions, 
comparing the determined actual gas lambda to the gas lambda-rich limit, and 
operating the engine in diesel mode if the determined gas lambda is less than the 
determined gas lambda-rich limit 

1 1 . The method as recited in claim 1 0, further comprising determining the gas 
lambda-rich limit based at least in part on at least one of manifold absolute pressure and 
air charge temperature. 

12. The method as recited in claim 3 , wherein the controlled engine operating 
parameter is ignition timing. 

13. The method as recited in claim 12, wherein the controlling step comprises 
selecting a desired ignition timing for the second mode, the desired ignition 

timing for the second mode being different than the existing ignition timing for the first 
mode, and 

adjusting ignition timing incrementally over a plurality of engiae operating cycles 
until the actual ignition timing at least approximately equals the desired ignition timing. 

14. The method as recited in any of claims 1-1 3, wherein said engine is a dual fuel 
engine capable of operating only in the diesel mode and the pilot ignited gaseous fuel 
mode. 

15. The metiiod as recited in any of claims 1-14, further comprising controlling fuel 
supply to maintain total fuel energy content at least substantially constant during the 
transition period. 



17 



wo 2004/113705 



PCTAJS2004/018539 



16. A method comprising: 

(A) operating a dual fuel internal combustion engine in a first mode 
comprising one of a diesel mode and a pilot ignited gaseous fuel mode; then 

(B) operating said intemal combustion engine in a second mode comprising 
the other of said diesel mode and said pilot ignited gaseous fiiel mode; and 

(C) during a transition period between said first and second modes, controlling 
engine operation based on multiple engine parameters including lambda to achieve an at 
least substantially smoofli transition between operating modes by maintaining total 
engine torque at least substantially constant 



17, The method as recited in claim 16, wherein the transition is firom pilot ignited 
gaseous fixel mode to diesel mode, a controlled engine operating parameter comprises 
diesel lambda, and the controlling step comprises controlling diesel lambda to be at a 
relatively high value at the beginning of the transition period and thereafl:er reducing 
diesel lambda toward a smoke limit by the end of the transition period. 

18. The method as recited in claim 17, fiirth^: comprising determining a diesel 
lambda limit at the beginning of the transition period using the following equation: 

_ x{SAFR,,^,) + A^^{SAFR^) 



where: 

X = the prevailing diesel fiiel mass fi-action, 

S AFR^/e^e/ = the stoichiometric air-fuel ratio for the diesel fuel, 

'kgas - the detemiined actual gas lambda at the beginning of the transition 

period, 

SAFRgo^ = the stoichiometric air-fuel ratio for the gaseous fuel, and 
HVR = the prevailing mass ratio of the diesel fuel to the total fuel charge 
on an equivalent total fuel energy basis. 
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1 9. The method as recited in claim 1 6, wherein the transition is from diesel mode to 
pilot ignited gaseous fuel mode, a controlled engine operating parameter comprises gas 
lambda, and the controlling step comprises: 

determining the actual gas lambda of the gaseous fiiel at the beginning of the 
transition period, 

determining a gas lambda-rich limit for prevailing engine operating conditions, 
comparing the determined gas lambda to Hie gas lambda-rich limit, and 
operating tlie engine in diesel mode if the detemiined gas lambda is less than the 
determined gas lambda-rich limit. 



20. An intemal combustion engine comprising: 

(A) at least one cylinder; 

(B) a source of diesel fuel configured to supply a liquid fuel to said cylinder, 

(C) a source of a gaseous fuel configured to supply a gaseous fuel to said 
cylinder; and 

(D) a controller that is coupled to said diesel fuel source and said gaseous fuel 
source and that controls said sources to selectively 

(1) supply fiiel to said engine in a first mode comprising one of a 
diesel mode and a pilot ignited gaseous fiiel mode, then 

(2) supply fuel to said engine in a second mode comprising the other 
of said diesel mode and said pilot ignited gaseous fuel mode, and 

(3) during a transition period between said first and second modes, 
control engine operation based on at least one engine operating parameter other 
than total energy fuel content to achieve an at least substantially smooth transition 
between operating modes. 

21 . The engine as recited as claim 20, wherein tihe controlled engine operating 
parameter includes at least one of lambda and liquid fuel injection timing, 

22. The engine as recited in claim 21 , wherein, during a transition from pilot ignited 
gaseous fuel mode to diesel mode, the controlled engine operating parameter comprises 
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diesel lambda, and the controller is operable to set diesel lambda at a relatively high value 
at the beginning of the transition period and thereafter reduce diesel lambda during the 
transition period. 

23. The engine as recited in claim 22, wherein, during the transition from pilot ignited 
gaseous fiiel mode to diesel mode, the controller is operable to 

determine the actual gas lambda of ttie gaseous fuel at the beginning of the 
transition period, 

determine a diesel lambda limit, and 

adjust diesel fuel delivery to maintain the actual diesel lambda at or above the 
diesel lambda limit. 

24. The engine as recited in claim 23, wherein, at the beginning of the transition 
period, the controller is operable to determine the diesel lambda limit by multiplying the 
determined actual gas lambda by a multiplying factor. 

25. The engine as recited in claim 23 or 24, wherein the controller is further operable, 
during the transition from pilot ignited gaseous fuel mode to diesel mode, to reduce the. 
diesel lambda limit from the determined value at the beginning of the transition period to 
a final value that is at or near the diesel smoke limit. 



26. The engine as recited in claim 25, wherein the controller is operable to reduce the 
determined diesel lambda limit using a predetermined schedule that is dependent on at 
least one of engine speed and time. 

27. The engine as recited in any of claims 23-26, wherein the controller is operable to 
determine the diesel lambda limit at the beginning of the transition period by solving the 
following equation for the determined gas lambda: 
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where: 

X = the prevaiUng diesel fuel mass fraction, 

S AFRrf/eie/ = the stoichiometric air-fiiel ratio for the diesel fuel, 

T^as = the det^mined gas lambda at the beginxung of the transition period, 

SAFRgar — the stoichiometric air-fuel ratio for the gaseous fuel, and 

HVR = the prevailing mass ratio of the liquid fuel to the total fuel charge 

on an equivalent total fuel energy basis. 

28. The engine as recited in claim 21, wherein, during a transition from diesel mode 
to pilot ignited gaseous fuel mode, flie controller is operable to 

determine the actual gas lambda of the gaseous fuel at the beginning of the 
transition period, 

determine a gas lambda-rich limit for prevailing engine operating conditions, 
compare the determined actual gas lambda to the gas lambda limit, and 
operate the engine in diesel mode if the determined gas lambda is less than the 
determined gas lambda-rich limit. 

29, The engiae as recited in claim 28, wherein the controller is operable to determine 
the gas lambda-rich limit based at least in part on at least one of manifold absolute 
pressure and air charge temperature. 

30, The engine as recited in claim 21, wherein, during the transition period, the 
controller is operable to 

select a desired ignition timing for the second mode, the desired ignition timing 
for the second mode being different than the existing ignition timing for the first mode, 

adjust ignition timing incrementally over a plurality of engine operating cycles 
until the actual ignition timing at least approximately equals the desired ignition timing. 

3 1 . The engine as recited in any of claims 20-30, wherein the engine is a dual fuel 
engine capable of operating only in the diesel mode and the pilot ignited gaseous fuel 
mode. 
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32. The engine as recited in any of claims 20-3 1 , wherein the controller is further 
operable to control fuel supply to maintain total fuel energy at least substantially constant 
during the transition period. 
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2. With regard to any nucleotide andbr amino acid sequence disclosed in the international application and 
necessary to the claimed invention, this opinion has been established on the basis of: 

a. type of material: 

□ a sequence listing 

□ table(s) related to the sequence listing 

b. format of material: 

□ in written format 

□ in computer readable form 

c. time of filing/furnishing: 

□ contained in the international application as filed. 

□ filed together with the international application in computer readable form. 

□ furnished subsequently to this Authority for the purposes of search. 

3. □ In addition, in the case that more than one version or copy of a sequence listing and/or table relating thereto 

has been filed or furnished, the required statements that the information in the subsequent or additional 
copies is identical to that in the application as filed or does not go beyond the application as filed, as 
appropriate, were furnished. 

4. Additional comments: 
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Box No. li Priority 

1 . E me following document has not been furnished: 

E copy of the earlier application whose priority has been claimed (Rule 435/S.1 and 66.7(a)). 

□ translation of the earlier application whose priority has been claimed (Rule 43^?/s.1 and 66.7(b)). 

Consequently It has not been possible to consider the validity of the priority claim. This opinion has 
nevertheless been established on the assumption that the relevant date is the claimed priority date. 

2. □ This opinion has been established as if no priority had been claimed due to the fact that the priority claim 

has been found invalid (Rules 43d/s.1 and 64.1). Thus for the purposes of this opinion, the international 
filing date indicated above is considered to be the relevant date. 

3. Additional observations, if necessary: 



Box No. V Reasoned statement under Rule 43£)/5.1(a)(i) with regard to novelty, inventive step or 
industrial appilcability; citations and explanations supporting sucii statement 

1. Statement 



Novelty (N) 


Yes: 


Claims 


4-13,17-19.22-30 




No: 


Claims 


1-3.14-16,20,21.31,32 


Inventive step (IS) 


Yes: 


Claims 


4-13,17-19,22-30 




No: 


Claims 


1-3.14-16,20,21,31,32 


Industrial applicability (lA) 


Yes: 


Claims 


1-32 




No: 


Claims 





2. Citations and explanations 
see separate slieet 



Box No, VI Certain documents cited 

1. Certain published documents (Rules 43/?/s.1 and 70.10) 
and /or 

2. Non-written disclosures (Rules 43/?/s.1 and 70.9) 
see form 210 
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Re Item V. 

1 The following documents are referred to In this communication: 

D1 : WO 02/077427 A (MOTOROLA INC) 3 October 2002 (2002-1 0-03) 
D2 ; US 6 055 963 A (BROWN SCOTT C ET AL) 2 May 2000 (2000-05-02) 



2 INDEPENDENT CLAIMS 

2.1 The present application does not meet the criteria of Article 33(1) PCT, because 
the subject-matter of claim 1 is not new in the sense of Article 33(2) PCT. 
Document D2 discloses (the references in parenthesis applying to this document) 
-a method comprising an internal combustion engine in a first mode comprising 
one of a diesel mode ("diesel fuel", col. 1 , line 20; "liquid fuel mode",col.3, line 5) 
and a pilot ignited gaseous fuel mode ("gaseous fuel... and a pilot amount of liquid 
fuel is Injected into cylinder to ignite the mixture of air and gaseous fuel", col. 3, 
lines 8-11); then 

-operating said internal combustion engine in a second mode comprising the 
other of said diesel mode and said pilot ignited gaseous fuel mode (coL 3, 
lines 5-14); and 

-during a transition period between said first and second modes, controlling 
engine operation based on at least one engine ("exhaust gas 02 level / 
air/fuel ratio", col. 3, line 49 - col. 4, line 11) operating parameter other than 
total energy fuel content to achieve an at least substantially smooth transition 
between operating modes. 

Document D1 (page 3, lines 28-31 and page 4, line 22 - page 8, line 3) discloses a 
further method and apparatus comprising all features of independent claim 1 
(Article 33(2) PCT). 

2.2 The present application does not meet the criteria of Article 33(1 ) PCT, because 
the subject-matter of claim 1 6 is not new in the sense of Article 33(2) PCT. 
Document D2 discloses all features of independent claim 1 6. Reference is made 
to the above cited references. 

2.3 The present application does not meet the criteria of Article 33(1 ) PCT, because 
the subject-matter of claim 20 is not new in. the sense of Article 33(2) PCT. 
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Document D2 discloses all features of independent claim 20. Reference is made 
to the above cited references. 



3 DEPENDENT CLAIMS 

3.1 Dependent claims 2,3, 14, 1 5, 21 , 31 and 32 do not contain any features which, in 
combination with the features of any claim to which they refer, meet the require- 
ments of the PCT in respect of novelty and/or inventive step. Reference is made 
to the references cited in the international search report. 

3.2 The combination of the features of dependent claim 4 (and 1 7, 22) is neither 
known from, nor rendered obvious by, the available prior art. The reasons are as 
follows: Non of the prior art documents cited in the international search report 
discloses a method (and apparatus) for the transition from pilot ignited gaseous 
fuel mode to diesel mode wherein the diesel lambda is controlled to a high value 
at the beginning of the transition period and is progressively reduced during the 
transition period. 

4 INDUSTRIAL APPLICABILITY 

4.1 The requirements of the PCT with respect to the industrial applicability (Article 
33(4)) of the subject-matter of claims 1-32 seem to be fulfilled. 



5 CLARITY 

5.1 Although claims 1 and 16 have been drafted as separate independent claims, they 
appear to relate effectively to the same subject-matter and to differ from each 
other only with regard to the definition of the subject-matter for which protection is 
sought and in respect of the terminology used for the features of that subject- 
matter. The aforementioned claims therefore lack conciseness and as such do not 
meet the requirements of Article 6 PCT. 

5.2 Independent claims 1,16 and 20 are not in the two-part form in accordance with 
Rule 6.3(b) PCT, which in the present case would be appropriate, with those fea- 
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tures known in combination from the prior art (document D2 or D1) being placed in 
the preamble (Rule 6.3(b)(1) PCT) and with the remaining features being included 
in the characterising part (Rule 6.3(b)(ii) PCT). 

In the present case, the features above cited in section 2.1 are known in com- 
bination from the document D2 (or D1) and belong in the preamble of such a 
claim. 

5.3 The features of the claims are not provided with reference signs placed in 
parentheses (Rule 6.2(b) PCT). 

5.4 The vague and imprecise statement in the description on page 4, lines 14-1 6 
implies that the subject-matter for which protection is sought may be different to 
that defined by the claims, thereby resulting in lack of clarity (Article 6 PCT) when 
used to interpret them. 
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